Reconnection during substorms in the near-Earth magnetotail occurs in a complicated way. Local instabilities can trigger anomalous resistivity in several spatial regions, which may initially be well separated from each other. As time progresses, the resulting plasmoids grow larger until they reach the dimension of the entire system and start to interact with each other. Satellite observations show that this expansion occurs rapidly during the downtail travel after plasmoid development when ?10 R E > X GSM > ?30 R E Ieda et al., 1998 ]. In this paper we study the interaction of two and three plasmoids and their coalescence, as well as the current system seen near the Earth brought about by the reconnection regions. In the numerical experiments, resistivity is prescribed at localized patches which are placed at di erent downtail locations. We compare the magnitude of the in uence the reconnection sites have on the near-Earth current system. We nd that not only the relative position of the resistivity patches but also the absolute distance from the Earth play roles in the relative amplitude of the eld-aligned currents associated with the individual reconnection events. 
Introduction
Plasmoid formation occurs during substorms in the magnetotail owing to current sheet thinning in the plasma sheet and subsequent resistive instability. Satellite observations of current sheet thinning Mitchell et al., 1990; Sergeev et al. 1993 ; Sanny et al., 1994; Pulkkinen and Nishida, 1994] are well explained by means of analytic studies Hahm and Kulsrud, 1985 ; Wiegelmann and Schindler, 1995] and MHD and hybrid simulations Hesse et al., 1996; Hesse et al., 1997; Birn, et al., 1998a] , and, nally, in kinetic simulations Pritchett and Coroniti, 1994; Pritchett and Coroniti, 1995] . Recent Hall-MHD simulations Rast atter et al., 1999] found a good correspondence of Hall-MHD results with MHD and hybrid/particle simulations in the global picture of thin-current-sheet formation.
Observations show that reconnection events occur in the near-Earth magnetotail mainly in the range of ?20 R E to ?30 R E in X GSM which result in highly localized bursty bulk ows Angelopoulos et al., 1992 Angelopoulos et al., , 1996 . These ows carry reconnected magnetic ux toward the Earth in narrow ow channels. Observations closer to the Earth (near geosynchronous orbit) show coherent larger-scale dipolarization as ux is added to the nightside inner magnetosphere by earthward ows leading to magnetosphere-ionosphere coupling models as proposed by Kan 1993] . Large-scale plasmoids see, e.g., Slavin et al., 1998 , and references therein] develop on the tailward side of a reconnection region typically located between ?20 and ?30 R E downtail Ieda et al., 1998 ]. The plasmoids expand into the tail cross section as they travel downtail, thus erasing any signs of small-scale initiation seen by the presence of bursty bulk ows in the inner magnetosphere Slavin et al., 1997 Slavin et al., , 1998 ]. The links between the small-scale bursty bulk ows and the development of the plasmoids still remain unclear, especially how initially small-scale structures in the nearEarth magnetotail evolve into large-scale structures in a relatively short time.
The e ects of reconnection in the near-Earth magnetotail on the magnetospheric current system were studied by Birn and Hesse 1996 ] for a single reconnection site. Birn and Hesse found that the maximum cross-tail electric eld E y is found earthward of the reconnection region as a consequence of earthward ow originating at the reconnection site being braked by the increasing magnetic pressure toward Earth and and thus facilitating the dipolarization of the magnetic eld B z . The convection electric eld accelerates particles in geosynchronous orbit which then travel along magnetic eld lines toward the Earth's polar ionosphere Birn and Hesse, 1996; Birn, et al., 1998b] . The magnetic disturbances also generate the typical eld-aligned current system (current wedge) signature in the near-Earth magnetosphere.
The e ects of multiple reconnection sites have been studied for the dayside magnetopause by Otto 1995] , and a recent simulation study addresses eld-aligned current features emerging from a single magnetopause reconnection region Ma and Lee, 1999] . A systematic study of simultaneous multiple reconnection in the near-Earth magnetotail has not been done although recent global MHD simulations of the Earth's magnetosphere show multiple reconnection events in the near tail during active times see, e.g., Pulkkinen et al., 1998 ].
In this work we extend the study of Birn and Hesse 1996 ] to the occurrence of multiple reconnection sites in the near-Earth magnetotail. We start from a presubstorm con guration with a thin current sheet and place resistivity patches in di erent positions into the current sheet region in three-dimensional MHD. We follow the development of the system of eld-aligned currents near the Earth and analyze current amplitudes and distributions for di erent reconnection site locations in the tail.
The paper is organized as follows: After a brief explanation of the model in section 2 we present a one-plasmoid simulation in section 3.1 to explain the current wedge signature. A three-plasmoid run in section 3.2 shows the e ects of a typical plasmoid interaction. Section 3.3 is devoted to a controlled numerical experiment with varied locations of the resistivity patches triggering reconnection. The behaviors of the current system found in the series of simulations are analyzed and discussed.
Resistive MHD Model

MHD Equations
We use resistive magnetohydrodynamics (MHD) in a three-dimensional Cartesian grid. Assuming the typical lobe magnetic eld to be, say, B 0 40 nT and the plasma to be a fully ionized proton plasma with particle density n 0 = 0:76 cm ?3 and mass density 0 = 1:26 10 ?21 kg=m 3 , the velocity is normalized to the Alfv en velocity V A = B 0 = p 0 0 1000 km=s (with 0 = 1:26 10 ?6 Vs=Am). We normalize the pressure to P 0 = B 2 0 = 0 = 1:3 nPa. The poly- Figure 1 . Initial magnetic eld and current. The magnetic eld structure and the cross-tail current density J y contain a thin current sheet and are two dimensional (y independent).
tropic index for the isotropic pressure is chosen as = 5=3 for absence of heat ux. With a length scale of L = 1R E 6000 km the current density normalization is J 0 = B 0 = 0 L 50 nA=m 2 . Finally, the time t is measured in Alfv en time units A = L=V A 6 s. The dimensionless MHD equations are given by (5) with the resistivity in equation (4) described in section 2.3. The coordinates x; y, and z correspond to X GSM ; Y GSM , and Z GSM and run from -5 to -80 along the tail in x, -10 to 10 in y, and 0 to 10 in z. The MHD equations are integrated by means of the leapfrog method, a nite di erence method of second order accuracy in space and time Potter, 1973; Birn, 1980] . Hall e ects as well as electron pressure e ects are neglected in this fundamental large-scale study. On the semiglobalscale considered, the e ects of these terms remain small enough to conserve the qualitative features of plasmoid evolution found in this study Rast atter et al., 1999] . The system is assumed to be symmetric, so only the upper half of the tail (z > 0) needs to be computed.
The simulations are carried out on a nonequidistant grid with grid size of ( at x = ?5 can be justi ed by the assumption that magnetic elds in the inner magnetosphere are strong enough to prevent large-scale ows and that the conductivity of the ionosphere is large. The di erence between an ideally conducting ionosphere and a ionosphere with nite resistivity was found to be negligible in previous magnetotail simulations Birn and Hesse, 1996] . The magnetic eld parallel components have zero normal derivative (@=@n = 0) at all boundaries and r B = 0 determines the respective normal component. At z = 0, mirror symmetry is assumed (B x is antisymmetric and B y and B z are symmetric). The explicit time integration scheme requires that information may only be carried to an adjacent grid point in a time step t, thus limiting t to =V max , with V max being the fastest phase velocity found in the MHD system and being the smallest grid space in any direction see, e.g., Potter, 1973] . We chose a time step of 0:02, determined by the fast-mode velocity V F = p ( P + B 2 )= for the chosen grid resolution.
Initial setup
As initial condition we use the result of a two-dimensional MHD compression as described by Rast atter et al., 1999] . The magnetic and current structure is invariant in the y direction and models a presubstorm con guration containing a thin current sheet within the wider plasma sheet. The thin current sheet results from the compression of the tail lobes during the presubstorm phase and is computed from an initial tail equilibrium model by applying plasma in ows at the near-Earth boundary (x = ?5) and the tail lobe boundary (z = 10) Birn, et al., 1998a] . Although monotonically decreasing along the length of the tail, the compression generates a localized current enhancement in the middle of the tail on the x axis. Figure 1 shows the magnetic eld lines and the associated cross-tail current. The current has its maximum between ?13 and ?22 in x in a thin sheet within the plasma sheet current. The near-Earth magnetosphere contains a dipole-like eld structure.
Resistivity Model
To initiate reconnection, patches of localized resistivity are introduced in the plasma sheet in di erent locations x P ; y P ; z P . The patches are characterized by their resistivity amplitude P and the patch radius r. The value P is variable but is 0.01 for most runs. In all cases, z P = 0 is xed as well as r = 0:75. The localized resistivity has the form The localized resistivity chosen in our model reproduces the observed timescales of reconnection and plasmoid formation (several minutes). As long as the reconnection electric eld is represented correctly the global dynamics of the tail substorm and plasmoid formation are modeled in a realistic way Birn, 1980; Birn and Hesse, 1996] . The large amplitude of the resistivity o sets the lack of spatial resolution and proper representation of the microphysics associated with small scales found in the magnetotail current sheet during substorm onset Birn, et al., 1998a] . Recent particle-in-cell (PIC) simulations (Hesse et al., 1999 , Collisionless Magnetic Reconnection: Electron Processes and Transport Modeling, submitted to Journal of Geophysical Research) of reconnection in very thin magnetotail current sheets yield an even lower e ective Lundquist number of S = 10 compared to S = 100 used here . Cross-tail current at t = 20 and 40. The initially smooth current distribution becomes highly variable with concentrations at or near the reconnection site which travel downtail with the plasmoid.
To show the e ects of a single reconnection site and the associated plasma ows and changes of the magnetic geometry on the near-Earth current system, we present a run with a single resistivity patch, located at x P = ?15; y P = 0 with P = 0:01. The earthward part of the plasmoid associated with the reconnection site is characterized by the reconnected magnetic ux (region with B z < 0) shown in The cross-tail current density in Figure 6 shows the cross-tail current density J y in the plasma sheet for t = 60. The thin current sheet is initially located in Current density J y in the plane z = 0 at t = 60. The current sheet has been disrupted, but the distinct current intensi cations that formed at the individual X lines can still be seen in the cross-tail current J y at this time. (Figures 5 and 6 ), the signature of the eld-aligned current looks largely similar to the signature associated with a single reconnection region (Figure 4) . Note that the range of the gray scale in the J k plots grows in time (over tenfold) while the scale for the B z plots (e.g., Figure 5 ) remains xed. The two plasmoids at the tail anks were expected to inhibit the growth of the plasmoid in the center and thus should contribute more to the near-Earth current system. It is seen from the lower diagram of Figure  5 (t = 60) that the plasma ows associated with the central plasmoid sweep both the regions of enhanced B z and the regions of reconnected ux (B z < 0) of the other plasmoids into the tailward direction. This e ectively suppresses any impact those plasmoids can have on the near-Earth current system. The pattern of plasmoid interaction in this general case is complicated. Thus further study is needed through a more controlled experiment which is carried out in the next section to nd what determines the dominance of a particular reconnection process in the near-Earth current signature.
Two Plasmoids in Varied Locations
The numerical experiment is performed with two resistive patches at y P = (?2:5; 2:5) and xed resistivity amplitude P = 0:01. The patches are separated in x and are located at x P = (?10; ?13) in the rst run. Then the patches are moved tailward in steps of x P = ?2 in the subsequent runs up to x P = (?20; ?23). Thus the patches are placed throughout the region with enhanced current density, and the relative strength of the reconnection process between the reconnection sites changes with the varying current density. Table 1 summarizes the parameters of the runs and the results obtained. For the two y positions of the resistivity patches (in the second row) in each of the six simulation runs, x P is listed in the second column, Quantities listed include current density J y , reconnected ux , and reconnection site dominating the current system (winner: 0, no dominance; 1, site closer to Earth dominates; 2, site farther downtail dominates). The resistivity patch sites have resistivity amplitude P = 0:01. for run 1 (x P = ?10, -13). The reconnected ux (B z < 0) is enclosed by the solid lines (B z = 0). As the plasmoids grow the patches of reconnected ux grow and move tailward. Eventually they merge to form a single large structure. Earthward ows create patches of enhanced B z near the Earth boundary.
initial electric current density J y (t = 0) in the third, and reconnected ux at t = 20, (t=20) = R Bz<0 B z dx dy, in the fourth. The fth column lists the number of the plasmoid dominating the current system at x = ?5 for t = 60: 0, no clear dominance; 1, plasmoid at y P = ?2:5; 2, plasmoid at y P = 2:5. The last column lists the gures associated with some of the runs. For run 1 of Table 1 , Figure 8 shows the magnetic eld B z in the equatorial plane and demonstrates the Figure 9 . J k at x = ?5 and t = 20, 40, and 60 for run 1 (x P = ?10, -13 and y P = ?2:5, 2.5; see Table 1 ).
Shown is the upper half of the current system (z > 0, compare to Figures 4 and 7) for a current system of two plasmoids. In this case the current systems of both plasmoids are of equal strength in the beginning, and nally the plasmoid at y = +2:5 dominates the system. Table 1 ). Both reconnection events are equally strong, but the enhancement of B z generated closer to the Earth is of stronger in uence (Figure 11 ).
progress of reconnection and the growth of the two plasmoids. In this case the plasmoid generated at x P = ?13 dominates the reconnection process. The plasmoid generated at x P = ?10 eventually ceases to grow and eventually is almost swallowed by ambient background reconnection in later times (t = 40 and 60). The region of enhanced B z of the plasmoid farther downtail moves toward the left boundary and surpasses in magnitude the more earthward reconnection site. Figure 9 shows the parallel currents at x = ?5 for run 1. Initially, both plasmoids show approximately the same associated eld-aligned currents at the nearEarth boundary (for t = 20 in the upper diagram; the signatures centered at both y P = ?2:5 and 2.5 are similar in amplitude). In contrast to most cases, eventually, the plasmoid farther downtail, generated at x P = ?13, starts to dominate the whole structure at later times (middle and lower diagrams).
For x P = ?14 and -17 (run 3), Figure 10 shows B z Figure 11 . J k at x = ?5, z > 0, and t = 20, 40, and 60 for run 3 (x P = ?14, -17; see Table 1 and Figure 10 ). The reconnection site at y P = ?2:5 clearly dominates the current system. at z = 0, similar to Figure 8 . The time evolution shows that the two reconnection sites generate plasmoids with almost equal reconnected ux. Both developing plasmoids have equal reconnection rates and nally merge into one large structure.
The eld-aligned currents at x = ?5 in Figure   11 show a dominance of the nearer reconnection site (x P = ?14, y P = ?2:5). The current system associated with the reconnection site farther downtail (at x P = ?17, centered at y = +2:5) is strongly suppressed.
The case of rather distant reconnection (x P = ?20
and -23, run 6), is shown in Figure 12 by the magnetic eld B z < 0. Here the reconnection closer to the Earth is stronger than the process farther downtail, in contrast to the preceding runs. This happens because the current density J y decreases downtail of x = ?15.
The overall eld-aligned currents shown in Figure  13 are much weaker than in the previous cases (Figures 9 and 11) . Note that the center of the current system double layers remains at slightly larger z compared to the previous cases (here z 1, as opposed to Figure 9 ), re ecting the eld line mapping to the current generation zones which are farther downtail in this case. Table 1 ). Reconnection is stronger in the patch closer to the Earth in this case. The entire reconnection structure farther downtail is accelerated into the downtail direction.
Although the reconnection rate decreases with the current density in the downtail direction for this setup, as opposed to Figures 9 and 11 where the current increases or remains constant along the downtail direction between the reconnection patches), the inuence of the plasmoid developing farther downtail still remains visible (similar to the previous case of Figure 11 ). Similar to the three-plasmoid case, the plasmoid closer to the Earth causes the entire magnetic structure (regions of B z < 0 and B z > 0) of the plasmoid farther downtail to move only into the tail direction. The di erence in x P , however, is relatively smaller, which allows for the current system of the more distant reconnection site still to be visible in the near-Earth current system together with the dominating feature of the nearer reconnection site. Figure 14 shows the comparison between the time evolution of the reconnected ux = R Bz<0 B z dxdy and the minimum and maximum of the eld-aligned current J k for a single patch location x P = ?18 and Figure 13 . J k at x = ?5, z > 0, and t = 20, 40, and 60 for run 6 (x P = ?20, -23). Note that the current system of these plasmoids farther away from x = ?5 than in Table  2 .
current remains zero for a certain time until the eldaligned current signal reaches the boundary x = ?5.
The minimumin this case follows the reconnected ux with a clearly visible delay, but the maximum rises continuously. This time delay found (e.g., in the minimum of the parallel current) can become signi cant for quantitative comparisons in systems which evolve rapidly on the timescale of the delay. To quantify the signal transport time and separate the time delay e ects from the highly dynamic evolution of the reconnection, a series of ideal perturbation runs have been performed. A small pressure enhancement in the spatial shape of a resistivity patch (equation (6)) with amplitude P = 0:2 (equilibrium Table 2 . Signal Delays From Figure 15 and Parallel Distance e ect on parallel current amplitude J k . At t = 20 for all the reconnection sites of Table 1 , the maximum of jJ k (t + )= (t)j is plotted against ?x P for each plasmoid. The delays listed in Table 2 were used for interpolation.
pressure: 1 at x = ?10 and 0.7 at x = ?35) was introduced in ideal MHD (no reconnection is permitted). Figure 15 shows the time evolution of the integrated positive eld-aligned current I = R (J k;x ) J k;x dy dz at x = ?5 (with (J k;x ) = 1 for J k;x > 0, 0 otherwise), after a pressure perturbation was introduced at di erent x P between ?10 and ?35 in the center of the plasma sheet (y P = 0; z P = 0). The time evolution of I shows the di erent times that are needed for J k to reach the observer at x = ?5. With increasing distance of the perturbation site x P to x = ?5, the response arrives later, consistent with signal transport with the fast-mode velocity V F = p ( P + B 2 )= . Table 2 summarizes these results. The peak amplitudes of the eld-aligned currents remain fairly constant over the range of x P investigated (runs 1-4, x P = ?10; ?15; ?20, and -25) and eventually decrease for perturbations farther downtail (runs 5 and 6 with x P = ?30 and -35, respectively). Figure 16 shows the eld-aligned currents associated with the individual reconnection sites of the runs listed in Table 1 , normalized by their size, which is measured by the reconnected ux at time t = 20.
For reconnection occurring at y P = ?2:5, max(J k ) is taken for the region y < ?2:5; for y P = 2:5, j min(J k )j is taken in the region y > 2:5 as the representative value. The analysis of the currents only in the tail anks ensures that the interference of the current system from the other reconnection site is minimal. The value is the time after a signal reaches the boundary x = ?5. As determined from test runs, this time di erence is 1.3 for x P = 10, 3.6 for x P = 15, 6.0 for x P = 20, and 8.9 for x P = 25 (Table 2 ). These times are interpolated for the given reconnection patch positions and used to nd the values of the parallel currents at the correct time. Although the current density varies in the region considered and has a maximum at x = ?16, the normalized e ects of the plasmoids are monotonous, showing that dividing by the respective reconnected ux eliminates the e ect of the di erent growth rates of the plasmoids on the current system evolution. The decay of the amplitude of the eld-aligned current density for reconnection sites, displaced farther into the tail, e ectively reduces the visibility of the current system of a reconnection event farther downtail in comparison with a site closer to the Earth. Only in the case where the cross-tail current density (and reconnection rate) rises in tailward direction can a plasmoid dominate the current system observed near the Earth although it is farther away. This effect may be enhanced by a current-driven resistivity.
In conclusion, the location of the thin current sheet is a preferred location of reconnection that can develop with the largest impact on the current system observed in the near-Earth magnetotail and in the ionosphere.
Discussion
We studied the formation of plasmoids in the nearEarth magnetotail using a MHD model with a thin current sheet, obtained by tail compression. The thin current sheet is located between x = ?13 and x = ?20 R E downtail. After prescribing a resistivity model in several localized regions in the tail plasma sheet, reconnection occurs, and plasmoids develop. As time progresses, these ows associated with the reconnection in uence the electric current system at the near-Earth boundary(x = ?5) of the simulation box. The amount of current and the current density amplitudes found in that plane were studied in this work. We found that generally a large-scale system of eld-aligned currents appears on the cross-tail plane and that the signature of a single reconnection site dominates in many cases. To nd the reason of the dominance, a numerical experiment was carried out to study the interaction of two plasmoids which are generated in di erent places in the magnetotail.
Because of the rapid time evolution of the reconnection we used a perturbation in idealMHD to nd the delays associated with the current system buildup far from the reconnection sites. These delay times agreed with propagation at the fast-mode speed. We found that the peak of the total current through the near-Earth plane remains fairly constant over a considerable range of tail locations x P of the perturbation and found only decay for larger distances x P ?30).
The maximum (or minimum) of the eld-aligned current density, however, is more strongly a ected by the distance at which the reconnection (or ideal perturbation) takes place. This can be attributed to a wider spread of the current system in the tail cross section which is associated with smaller current density amplitudes. The results of the numerical reconnection experiment show that the e ect of magnetic reconnection on eld-aligned currents generally decreases with downtail distance. Thus a large tailward increase of the reconnection rate (e.g., in a localized thin current sheet) is necessary to o set the sharp decline of current amplitude (per unit of reconnected ux) jJ k = j to allow the reconnection site farther downtail to have a dominant e ect on the appearance of the near-Earth current system.
Signal travel timings have to be taken into account to compare the current amplitudes per unit of reconnected ux in the fast-evolving systems. Delays found in the current system buildup are in good agreement with fast-mode or Alfv enic transmission along the magnetic eld lines.
In the case when the reconnection at the site closer to the Earth is strong compared to the site located farther downtail both ows and B z enhancements generated by the reconnection site located farther tailward start to move downtail, and thus earthward ows from this site cannot contribute signi cantly to magnetic eld dipolarization and eld-aligned currents in the near-Earth magnetotail. This case was found in two di erent circumstances: (1) on the tailward side of the thin current sheet region where the current density and the reconnection rate diminish with larger downtail distance and (2) very close to the Earth where even comparable reconnection rates have considerably di erent e ects owing to the sharp decline of the amplitude of eld-aligned currents with larger downtail distance x = jx P ?x 0 j of the reconnection sites from the near-Earth cross-sectional plane. If both competing reconnection events have comparable reconnection rates because of constant current density tailward of the thin current sheet region, both eld-aligned current signatures become comparable again because of the weak dependence of the current amplitudes on x at those distances.
A thin current sheet in the presubstorm magneto-tail plasma sheet is the preferred location of a reconnection event with largest impact on inner magnetospheric and ionospheric current systems. In future work the three-dimensional distribution of reconnection onsets has to be modeled self-consistently. It is to be expected that current-driven instabilities as well as reconnection certainly emphasize the region of presubstorm current intensi cations even more than these MHD simulations with a prescribed resistivity model. Our model predicts that multiple reconnection sites in the magnetotail generate systems of eldaligned currents which overlap and form one globalscale current system. In most cases, one of those reconnection sites dominates this current system. This means that although one current system (current wedge) is observed, there may exist more than one active reconnection region in the near-Earth magnetotail. Under these circumstances the attempt to determine the location of every single active region requires observations with a large number of satellites. A comprehensive knowledge of the three-dimensional magnetic eld during the substorm is needed to trace observational events seen at a satellite (e.g., particle injections at geosynchronous orbit) back to their origins (in the magnetotail) along the magnetic eld lines. This knowledge is especially needed at times of rapid changes of the magnetic topology during substorms when the tail magnetic eld is ill-represented by statistical (averaged) magnetic eld models.
